expected permanent activation. Rac activation apof activated and downregulated forms of Rac ( Figure  1C ). Filamentous actin was labeled together with Rac. peared more transient as compared to that of RhoA and Cdc42. We also observed that CNF1 induced a maximal Immunofluorescence signals were analyzed, using confocal microscopy conditions, which allowed us to comlevel of activated-Rac and Cdc42, in contrast to RhoA ( Figure 1B) . We further analyzed the effects of CNF1 on pare signal intensities. The 804G control cells displayed mostly filopodia at their periphery. In such conditions, the actin cytoskeleton and cell morphology. We took advantage of the ability of Rho GTPases to be recruited the Rac immunosignal appeared cytosolic together with a fraction associated with endomembranes forming on cellular endomembranes upon activation to investigate, by immunofluorescence, the behavior of Rac, perinuclear vesicles. After 1 hr of intoxication with CNF1, cells displayed a strong spreading, as visualized by light which antibody gives a strong immunosignal in contrast to that from RhoA and Cdc42. Intoxicated cells were transmission microscopy. Spreading was followed by cell retraction after 4 hr of CNF1 treatment. During the analyzed at different time periods, according to the pull-down measurements, to visualize the localization first 4 hr of CNF1 treatment, cells displayed a higher content of filamentous actin. In parallel, we observed a subfamily, we investigated the stability of other small GTPases. In this respect, Ras, Ral, and Rap, which do partial relocalization of Rac from the cytosol to the plasma membrane and perinuclear vesicles. Most renot contain the specific amino acid sequence necessary to CNF1-mediated deamidation, were controlled for markably, after 24 hr of continuous intoxication by CNF1, cells exhibited a dramatic decrease of Rac immunosigtheir toxin-induced cell depletion ( Figure 2C ; Lerm et al., 1999b; Flatau et al., 2000) . In contrast to Rho nal. These results suggested that the transient activation of Rac induced by the toxin might have resulted from a GTPases, Ras, Ral, and Rap remained stable during CNF1 treatment ( Figure 2D ). cellular depletion of this GTPase. Transient recruitment of Rho GTPases to cellular membranes was confirmed Considering that Rac exhibited the most transient and pronounced activation after cell intoxication, we foby cellular fractionation (not shown).
cused on this small G protein in the following experiments. When CNF1 was provided to cells for 4 hr and CNF1 Induces the Specific Depletion of Rho GTPases then removed, we observed that the Rac immunosignal reappeared, indicating that the CNF1-induced depletion The cellular content of Rho GTPases was analyzed by immunoblotting ( Figure 2A ). The loss of Rho GTPases of Rac was a reversible process ( Figure 2E ). This latter finding, together with our observation showing the stawas almost complete after 24 hr of CNF1 treatment (Figure 2A ). The decrease was more dramatic for Rac, bility of Ras, Ral, and Rap, suggested that Rac depletion was not the result of a nonspecific CNF1-induced toxicas compared to RhoA and Cdc42 ( Figure 2B ). The initial speed of clearance, measured between 30 and 90 min ity, but rather a consequence of the toxin-induced Rho GTPase modification. This led us to examine whether after intoxication, was maximal for RhoA (a RhoA ϭ 0.50%/ min) when compared to that of Cdc42 and Rac (a Cdc42 ϭ the CNF1 deamidase activity on Rac glutamine 61 might be specifically required to induce the GTPase depletion. 0.21%/min and a Rac ϭ 0.15%/min, respectively). Notably, the Rho GDP-dissociating inhibitor (RhoGDI) protein We addressed this question by expressing in cells the minimum carboxy-terminal deamidating domain of the level remained stable during CNF1 intoxication ( Figure  2A ). To investigate whether CNF1-induced Rho GTPase toxin (CDD), nonmodified or mutated in its catalytic cysteine 866 (Buetow et al., 2001 ). GFP-fusion proteins cordepletion was restricted to this particular Ras GTPase Figure 3A) , we observed a decrease of Rac stability in a 2.3-fold greater appearance of Rac ubiquitylated forms (Rac-Ubn), as compared to control cells ( Figure 3F ). In CNF1-treated cells (half-life 115 min). The fact that both Rac stability and CNF1-induced Rac depletion half-lives addition, we observed a reduction of the ubiquitylated level of cotransfected HA-Rac using the ubiquitin mutant were found to match closely ruled out a possible inhibition of Rac translation induced by the toxin ( Figure 3A) . K48R, known to impair ubiquitin chain formation for proteasome targeting ( Figure 3G ; Chau et al., 1989) . We That CNF1 did not affect the Rac mRNA levels was also verified ( Figure 3B ). Determination of the degradative have therefore established that CNF1 elicited an increase of Rac ubiquitylation, likely responsible for its machinery responsible for Rac depletion was investigated first using different cell-permeant protease inhibi-CNF1-induced proteasome degradation.
tors. Z-VAD, a blocker of caspase proteases, and three different proteasome/calpain protease inhibitors, among
Ubiquitin Modification of Rac Results from Its Sustained Activation which lactacystin is the most specific for the proteasome, were tested. At the concentrations used, only
Our results raised the question of whether CNF1-induced degradation of Rac was a consequence of its proteasome inhibitors conferred a significant protection against CNF1-induced Rac depletion ( Figure 3C ). To sole mutation or was due to its permanent activation. To discriminate between these possibilities, the steadyrule out a possible inhibition of the CNF1-induced Rho GTPase deamidation/activation by proteasome inhibistate levels of three permanently activated Rac mutants (Rac-Q61L, Rac-Q61E, and Rac-G12V) were compared tors, we monitored the effects of CNF1 on the actin cytoskeleton and cell morphology ( Figure 3D ). The treatto that of dominant-inactive Rac-T17N and Rac wildtype. Cells were transfected with both Rac mutants and ment of cells with CNF1 for 6 hr induced the formation of filopodia ( Figures 3D and 1C) . Furthermore, cells did GFP expression plasmids to normalize the amounts of proteins expressed. We observed that all three activated not exhibit a higher content of F actin when compared to a control preparation. In contrast, upon addition of mutants were less stable than the wild-type and dominant-negative Rac proteins ( Figure 4A ). To investigate proteasome inhibitors during the CNF1 treatment, cells displayed a strong spreading together with an increased whether the instability of the Rac dominant-positive mutants depended on the proteasomal machinery, we comcontent of filamentous actin ( Figure 3D ). This indicated that proteasome inhibitors interfered with, rather than pared their ubiquitylation sensitivity. Rac-Q61E exhibited a 3-fold higher sensitivity to ubiquitylation than the inhibited, the CNF1 effects on the cell cytoskeleton. 
Rac and Cdc42. We have demonstrated that Rac is
The idea that degradation of Rho GTPases upon their normally a stable protein and that, upon modification activation does not represent a host response to a by CNF1, Rac is ubiquitylated and degraded. Consistent pathogen attack, but rather a response exploited by with this, we observed that inhibition of the proteasomal the pathogen, is strengthened by our observation that machinery allowed the recovery of higher levels of actipermanently activated Rac degradation allows not only vated Rac. Our results indicate that depletion of Rho host cell motility but also confers higher invasive properGTPases by the proteasome resulted from the higher ties to bacteria. These two features may contribute to kinetics of their deamidation and degradation not comthe success of bacterial epithelium invasion, which is pensated by Rho GTPase synthesis.
important for urinary tract infection (Mulvey et al., 2000). The toxin-induced sensitivity of Rac to ubiquitylation
Interestingly, the pathogenic bacteria Salmonella delivand degradation could be generalized to other forms of ers antagonistic Rho GTPase regulatory molecules, permanently activated Rac. We first observed that Rac namely SopE and SptP. The SopE exchange factor activubiquitylation efficiency correlated with the strength of ity toward Rac and Cdc42 is responsible for their actithe activating mutation, Q61L being the most sensitive vation, whereas the SptP GAP activity provokes their one. Second, we observed that the T35A mutation, loinactivation, leading to the notion of a pathogen selfcated in the effector binding domain, reversed the ubirestricted response (Galà n and Zhou, 2000). UPEC exquitylation sensitivity of Rac-Q61L. Finally, our observapressing CNF1 may have thus developed a system for tion that a sustained activation of Rac, using Dbl, also mimicking a GEF/GAP Rho GTPase limited activation, sensitized Rac to ubiquitylation proportional to its actiresulting in host cell invasion and motility. vation level eliminated a possible degradation of Rac Pathogenic bacteria-induced host cell internalization due to mere protein misfolding. Depletion of Rho is a hallmark of invasion and sepsis. In view of the CNF1 GTPases by CNF1 required several hours. This mechamechanism of action, further work should elucidate both nism obviously cannot be used by cells to rapidly down-CNF1 implication in E. coli-induced meningitis and reregulate a stimulation of Rho GTPases, for instance by current cystitis. We provide definitive evidence that effigrowth factors, and therefore does not substitute for cient bacteria invasion is realized by limiting the threshRho GTPase activating proteins (GAP). One possibility old of Rac activation and that CNF1 has achieved this would be that this mechanism constitutes a vigilance condition by exploiting the ability of cells to withdraw system elaborated by cells to counteract the nocuous permanently activated Rho GTPases. effects of a permanent activation of Rho GTPases for cell homeostasy. Consistent with this, we observed a 
